1
we showed the potential of time-resolved near-infrared spectroscopy (TR-NIRS) to measure brain temperature in newborn piglets. The developments of timeresolved methods have greatly improved the amount of information that can be acquired by taking advantage of discriminating photons based on their time-offlight. This ability can be exploited to improve the sensitivity of TR-NIRS to deep brain temperature, especially for adults in whom the superficial layers of the head have substantial contribution to the measurements.
In the near-infrared region (650-1000 nm), the major endogenous tissue chromophores are water, oxy-and deoxyhemoglobin. The aim of near-infrared spectroscopy is to quantify the concentrations of these chromophores in tissue, and this requires the ability to separate the effects of absorption from those of scattering. Fundamentally, the coefficients of absorption and reduced scattering can be determined by a series of reflectance measurements performed in one of the 3 general categories: continuous wave (CW) (with a constant intensity light source), frequency-domain (with a sinusoidal modulated source of light), and timeresolved (with a fast pulse of light).
2 In fact, NIRS thermometry approaches based on broadband CW and diffuse optical spectroscopy have been investigated to predict tissue temperature in the adult forearm and breast, respectively, using the temperature response of water absorption peaks in the NIR spectral region. [3] [4] [5] In principle, as pure water is heated the fraction of hydrogen bonds is reduced through thermal agitation of the water molecules, which overcomes the force of the hydrogen bonds. This in turn produces a blue-shift of the water absorption peaks. The water absorption peaks at »740, 840 and 970 nm decreases in amplitude by »0.8% C ¡1 , and shifts toward higher wavelengths with decreasing temperature. 5 Water absorption spectra as a function of temperature are shown in Fig. 1A . Since 80-90% of the brain by mass is water, this fact suggests that brain temperature can be predicted by exploiting the temperature-dependency of water absorption of NIR light. Although temperature-dependent changes of hemoglobin NIR absorption spectra have also been reported, 6 these changes are relatively small compared to the change in the water spectrum. Specifically, the amplitudes of the spectra of oxy-and deoxy-hemoglobin decrease by 0.1% C ¡1 and 0.05% C ¡1 , respectively, when the temperature increases from 20-40 C. 6 Hollis et al. investigated the use of an in-vivo optical technique to predict tissue temperature. They used a broadband CW technique to measure reflectance over the spectral range of 650-1000 nm. The primary focus of their work was on the absorption peaks at 740 and 840 nm because the lower absorption of these peaks relative to the »970 nm peak allows for deeper penetration of light. Hollis et al. used the technique of principal component analysis to calibrate the pure water absorption spectrum against temperature to determine parameters associated with the temperature response that could then be used to predict temperature. Measurements performed on an adult forearm had a standard error of prediction of »1.2 C for the recovered temperature. Hollis et al. concluded that in order to improve results FRONT MATTER: DISCOVERY scattering should be accounted for and also using the water peak at »970 nm would provide more contrast although it would limit the light penetration depth in the tissue. 5 Likewise, Chung et al. 3 demonstrated a method that employs broadband diffuse optical spectroscopy to measure tissue temperature based on resolving water vibration frequency shifts in NIR water absorption spectra that occur with changes in temperature and macromolecular binding state. Diffuse optical spectroscopy unlike conventional reflectance methods acquires scattering-free absorption spectra, from 650 to 1000 nm, using a combination of frequency-domain and CW techniques to provide an absolute measure of absorption. The method focuses on the »970 nm water peak for greater contrast in temperature and uses the temperature isosbestic point at 996 nm to separate the macromolecular bound water contribution from the thermally induced spectral shift. This method has been tested in intralipid phantoms and human breast. The average difference between optical and thermistor measurements was 1.1 C § 0.9 C in the temperature range of 28-48 C. 3 We recently investigated the ability of TR-NIRS to measure temperature in tissue-mimicking phantoms (in-vitro) and brain tissue (in-vivo) during heating and cooling. TR-NIRS method has a number of advantages compare to CW and frequency-domain, specially the ability to distinguish early from late arriving photons which can provide better depth sensitivity.
7 TR-NIRS temperature measurements were based on subtle changes in the NIR water absorption features at »740 and 840 nm. Although the temperature-dependent changes at these features are not as great as at »970 nm, this is compensated by the increased penetration depth at these wavelengths. TR-NIRS data were analyzed with the principal component analysis method, adapted from the work of Hollis et al. 5 , to predict tissue temperature. For in-vivo brain tissue temperature measurement, experiments were conducted on newborn piglets in which hypothermia was induced by gradual whole body cooling. The mean difference between the TR-NIRS and implanted thermocouple measurements was 0.5 C § 1.6 C for the in-vivo measurements. In general, the accuracy of the temperature prediction by this technique can be improved by acquiring a continuous absorption spectrum which allows more accurate determination of chromophore concentration compared to discrete wavelengths as used in TR-NIRS. Improved spectral coverage can be obtained by combining TR-NIRS and broadband CW spectroscopy. In this configuration, spectral data would be acquired with CW spectroscopy while the TR data would provide absorption and scattering coefficients at a few selected wavelengths in the near-infrared region. These TR-NIRS derived coefficients are then used to calibrate the intensity of the CW measurements to estimate optical properties at all wavelengths in the spectral window of interest. Since the method is non-invasive and measurements can be obtained at the bedside in only a few minutes, it is believed that this technique could provide in-vivo brain temperature monitoring during hypothermia therapy. 
